Historic,  Archive  Document 

Do  not  assume  content  reflects  current 
scientific  knowledge,  policies,  or  practices. 


UNITED  STATES 

DEPARTMENT  OF  AGRICULTURE 
LIBRARY 


Reserve 

BOOK  NUMBER 


A386 

1131 


£ 

Report  on  the  Effects  of  High  Energy  Radiation  on 
Cellulose  and  Other  Polymeric  Materials^ 

A Literature  3urvev  , 


Section 

I. 

Introduction. 

Section 

TT 
-LJ-  • 

General  Effects  of  High  Energy  Radiation  on 
Long  Chain  Polymers. 

Section 

III 

. Effect  of  High  Energy  Radiation  on  Cellulosic 
Material. 

Section 

IV. 

Possible  Applications  of  High  Energy  Radiation 
in  Cellulose  Modification  and.  Treatment. 

Section 

V. 

Use  of  Radioactive  Materials  for  Control  of 
Static  Electricity  in  Textile  Processing. 

Section  VI. 

Suggested  Research  on  the  Interaction  of 
Cotton  Cellulose  and  High  Energy  Radiation. 

Section  VII 

. Bibl iography 

UoRb , K 

N of  4*o  b 


f\l  .0  i "Tire*-  v 

3 jsfa 


Prepared  by  Committee  from  Cotton  Fiber  Section 


Leopold  Loeb,  chairman 
Roll in  3.  Orr 
Elias  Klein 
Blanche  R.  Porter 

tc 

11  February  1955 


I . INTRODUCTION 


A.  Types  of  High  Energy  .Radiations 

The  term,  high  energy  radiation,  as  used  in  radiation 
chemistry  applies  to  beams  of  accelerated  particles  and  to 
high  frequency  electromagnetic  radiations.  Radiation 
effects  are  produced  when  energy  is  absorbed  from  the  beams 
by  the  interactions  of  the  radiations  with  the  constituents 
of  the  irradiated  system.  High  energy  radiations  may  be 
supplied  by  particle  accelerators,  the  best  known  of  which 
is  the  X-ray  machine.  For  the  purposes  of  radiation 
chemistry  an  X-ray  machine  may  be  used  to  irradiate 
materials  with  cathode  rays  (accelerated  electrons)  or  with 
the  X-rays  produced  when  the  cathode  rays  interact  with  the 
target.  The  effect  of  x-rays  on  a photographic  plats  is  an 
example  of  a chemical  reaction  with  high  energy  radiation. 
Other  types  of  particle  accelerators  are  cyclotrons, 
betatrons,  linear  accelerators,  Van  der  Graff  machines, 
and  synchrocyclotrons. 

Atomic  reactors  produce  neutrons  which  may  be  used  to 
irradiate  materials.  Interaction  of  the  neutrons  with 
reactor  materials  yields  beams  of  photons  (or  gamma  rays), 
electrons  and  a variety  of  charged  particles  with  higher 
masses.  Materials  under  study  may  be  irradiated  simultane- 
ously by  the  neutrons  and  their  interaction  products. 
Elements  may  be  made  radioactive  by  the  absorption  of  the' 
neutrons  and  in  turn  serve  as  sources  of  high  energy 


. 
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photons  for  radiation  studies.  An  element  extensively  used 
for  this  purpose  is  Cobalt  60  which  is  formed  by  the  capture 
of  a neutron  by  a Cobalt  59  nucleus.  In  this  isotope  half 
of  the  atoms  decay,  within  a period  of  5«3  years,  by  the 
emission  of  gamma  and  beta  rays  to  non- radioactive  nickel. 
Thus  a fairly  constant  and  continuous  source  of  high 
energy  radiation  is  made  available.  The  cobalt  may  be 
obtained  in  the  form  of  thin  wires  which  may  be  easily 
arrayed  about  the  system  under  investigation. 

Radium  and  its  disintergration  products  have  been  used 
extensively  fcr  more  than  fifty  years  in  research  and  in 
medicine.  Their  use  in  large  quantities  is  prohibited  by 
their  scarcity  but  such  radioactive  material s as  the  cobalt 
isotope  can  now  be  substituted  at  1 ess  expense. 

Photons  and  primary  particles  used  in  irradiation  pro- 
cedures are  listed  in  Table  I,  together  with  nomenclature, 
origin  and  mode  of  production. 

Table  I.  Types  and  Sources  of  High  Energy  Radiations 

The  terms  x-ray  and  gamma  rays  are  often  used  inter- 
changably  but  the  term  gamma  ray  initially  referred  to 
photons  of  nuclear  origin  only,  a- rays  have  both  discrete 
energies  and  a continuous  soectrum  of  energies  but  gamma 
ray  -energies,  are  always  discrete.  ' 


Table  I.  Types  and  Sources 

of  High  Energy  Radial 

✓ion. 

Primary 
Partial  e 

Namencl  ature 

Origin 

Produced  by 

1 • Photons 

x-rays 

Interaction  of 
accel erated 
el  ectrons 
with  atomic 
shell  electrons. 

X-ray  machines, betatrons 
linear  accel erators, etc. 

Gamma- rays 
( r-rays) 

Atomic  nucleus 

Radio  active  isotops, 
nucl ear  fission  or 
di s int egr at ion  < 

2.  Electrons 

Cathode  rays 

Free  el  ectons  in 
a metal  or  oxide < 

X-ray  machine. 

* 

Beta-rays 

(B"-rays) 

Nucl  eus 
Photon 

Radioactive  isotopes. 
Photon  annihilation 

Delta- rays 
( d-rays) 

Atomic  shell 
el ectrons. 

Impinging  radiation. 

3«  Positrons 

Beta-rays 

(B+~rays) 

Nucl  eus 
Photon 

Radioactive  isotopes. 
Photon  annihilation. 

4.  Protons 

Hydrogen  ion. 

(h+) 

Nucl  eus 

Nuclear  disintegration 
or  fission. 

5*  Neutron 

Nucleon  (M°) 

Nucl  eus 

Nucl ear  disintegration 
or  fission. 

6.  Helium, 
nucl eus 

Alpha  particle 
(He  ++) 

Nucl eus 

Doubly  ionized 
Helium. 

Radioactive  isotopes. 
Nucl ear  disintegration 
or  fission,  heavy 

particle  accelerators, 


? 


Electrons,  which  are  elementary  negative! y-charged 
particl  es,  may  be  used  to  produce  x-rays  or  to  serve  as  a 
primary  radiation.  Electrons  were  known  as  cathode  ra3rs 
from  their  discovery  as  the  cathode  emission  in  early  types 
of  x-ray  tubes.  The  term  beta  ray  was  first  applied  to 
electrons  emitted  by  naturally  oc curing  radioactive 
isotopes.  The  term  delta  ray  is  usually  applied  to  high 
energy  secondary  electrons  produced  by  ionization  of  an 
atom.  Positrons  have  the  same  mass  as  an  electron  but  with 
an  equal  and  opposite  charge.  These  particles  are  emitted 
by  disint ergrating  nucl ei  or  formed  by  annihilation  of  a 
high  energy  photon.  An  electron  and  a positron  are  always 
produced  simultaneously  when  the  quantum  is  annihilated. 

✓ 

Electrons  and  beta  rays  are  often  shown  as  e~  cr 

B-  orB  +j  ana  are  also  termed  negative  or  positive  beta 
rays  and  electrons.  However,  each  is  a single  particle  of 
mass  9.10  x 10  grams  and  a charge,  positive  or  negative, 
of  4*80  x 10  ^ electrostatic  units. 

Protons  and  neutrons  are  elementary  nuclear  particles. 
Protons  have  unit  positive  charge  but  neutrons  are  electri- 
cally neutral.  The  hydrogen  atom  contains  but  one  proton 
in  its  nucleus  and  when  ionized  is  a proton.  Neutrons  are 
produced  only  by  nuclear  disintegrations  or  by  fission. 

* 

The  half-life  of  an  emitted,  uncaptured  neutron  is  approxi- 
mately fifteen  minutes.  Free  neutrons  disintegrate  to  form 


. ... 
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a proton  and  a beta  ray.  The  mass  of  the  proton  is  1.672 
x 10  2/+  grams,  of  the  neutron,  1.674  x !0“2^  grams. 

The  term  alpha  particle  was  first  applied  to  the 
helium  nucleus  emitted  by  naturally-occurring  radioactive 
isotopes.  Alpha  particles  have  a positive  charge  of  two 
and  a mass  equal  to  6.60  x 10" ^ grams.  These  particles 
may  be  produced  by  double  ionization  of  helium. 

Other  nucl ei  may  be  used  to  produce  beams  of  high 
energy  radiation  in  particle  accelerators  but  are  usually 
employed  for  investigations  of  nuclear  phenomena. 

B.  Dosage  Determination 

Photon  and  particle  energies  are  customarily  expressed 

i ^ 

1 O 

in.  electron  volts,  ev.  One  ev  is  equal  to  1.6  x 10”  ‘ ~ ergs 
and  is  defined  as  the  kinetic  energy  acquired  by  an  el ectron 
falling  through  a potential  difference  of  one  volt.  The 
expressions,  mega-electron  volts  or  mev,  and  kilo-electron 
volts,  kev,  equal  to  1.6  x 10“^  and  1.6  x 10”^  ergs, 
respectively,  are  most  used  because  of  the  high  energies  of 
the  radiations. 

The  roentgen,  r,  is  most  often  used  to  measure  the 
dose  of  radiation  delivered  to  irradiated  materials.  The 
roentgen  was  originally  defined  as  the  quantity  of  x-  or 
gamma-  radiation  which  will  produce  in  0.001293  grams  of  air 
(one  cubic  centimeter)  at  S.T.P.  one  electrostatic  unit, 
esu,  of  charge  of  either  sign.  Present  usage  denotes  the 
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absorption  of  33  or  93  ergs  per  gram  of  irradiated 
material.  This  quantity  of  energy  is  derived  as  follows: 

1 esu  =(1/4.. 8 x 10  ^)=  2.08  x 10^  ion  pair/r/cc 
mean  energy  expended  per  ion  pair  in  air  = 32 „ 5 ev 
cc  per  gram  of  air  = 1/0. 0012-93  = 780 
energy  per  gram  of  air  = 780  x (32.5  x 1.6  x !0“!^) 
x 2.08  x 10'  = 83  ergs/r/ gram- 

Other  units  have  been  proposed  as  more  meaningful  ones, 
for  the  r as  originally  defined  covers  only  x-  and  gamma- 
radiation,  from  zero  to  three  mev,  and  ionization  in  air. 
However,  if  used  to  denote  the  absorption  of  83  or  93 
ergs  per  gram  of  irradiated  material  the  unit  is  still 
acceptable  and  widely  used. 

The  activity  of  a radioactive  material  is  measured- 
in  curies.  One  curie  is  equal  to  3*700  x 101^  disinte- 
grating atoms  per  second.  If  more  than  one  radiation  is 
emitted  per  disintegration,  each  must  be  considered  in 
calculating  dosage.  The  dose  delivered  to  a gram  of 
material  by  one  curie  of  an  isotope  emitting  one  beta  ray 
of  1 mev  energy  (average),  all  of  which  is  absorbed  in  the 
volume  considered  is  found  to  be 

1 x 3*700  x i’J-1  x 1 .6  x 10“^  = 5.9  x 10^  ergs  per  r 
second.  This  is  equivalent  to  5*9  x 10^/  83  = 7*5  x 10^ 
r/ sec. 


. 

' 

( 

The  disintegration  of  radioactive  isotopes  is  a 
random  process  and  the  disintegration  rate,  usually  denoted  as 
?\,  is  the  reciprocal  of  the  time  in  which  at  least  one 
atom  may  be  expected  to  disintegrate.  Calculations  using  a 
disintegration  rate  assume  an  extremely  large  number  of 
radioactive  atoms  to  be  present.  The  half-life,  T 1/2,  or 
the  time  in  which  half  of  the  radioactive  atoms  original ly 
present,  11^  f will  have  decayed  is  found  as  follows:  Let 

N be  the  number  of  radioactive  atoms  present  at  a time  t 
and  N=  N0e”r'^.  Then  when  N/No  = 1/2,  and  h = Tl/2  and 
log  1/2  = - At 

log  1 - log  2 = - ht  or  0.693  =AT  1/2  and 
T 1/2  = 0.693/ A 

Thus  a slower  disentegration  rate  produces  more  uniform 
activity  over  long  intervals  of  time  though  statistical 
variations  will  always  be  found. 

C.  Interaction  of  High  Energy  Radiations 
with  Organic  Materials. 

Interactions  which  produce  isotopes  will  not  be  dis- 
cussed as  it  is  not  desired  to  produce  radioactive  products 
in  the  investigations  proposed  in  this'  paper.  An  important 
general  ization  concerning  the  interactions  of  radiations 
with  matter  in  radiation  chemistry  studies  is  that  the 
wavelength  of  the  radiation  determines,  in  general,  , 


whether  the  particular  radiation  will  react  with  an 
electron,  a nuclues,  a whole  atom  or  a whole  molecule.  The 
radiation  will  most  probably  react  with  the  entity  whose 
dimensions  approximate  its  wavelength.  Since  particle  or 
quantum  energies  are  inverse!  7 proportional  to  their  wave- 
length, it  may  be  seen  that  the  energies  transferred  to 

atoms  and  molecules  are  extremely  low.  Atoms  (radius 

—8 

approximate!  y 10  cm)  present  predominantly  empty  space  to 
high  energy  radiations  which  average  10  0 10  cm.  in 

wavelength.  However  the  volume  of  the  atom  includes  an 
electric  field  which  interacts  with  the  fields  of  the 
radiations.  The  most  frequent  interactions  are  with  the 
loosely-bound  atomic  electrons,  producing  an  accelerated 
electron  which  in  turn  produces  ionizations. 

Alpha  rays  and  other  heavy  chaged  particles  are  densely 
ionizing  and  their  short  path  through  matter,  20  to  A 0 
microns  in  tissue,  results  in  a densely  ionized  column.  For 
particles  with  energies  up  to  10  mev,  collisions  are  so 
frequent  that  the  clusters  formed  by  a sing! e ionization 
unite  to  form  a column  of  ionized  particles. 

The  tracks  of  high  energy  electrons,  or  beta  rays, 
consist  of  variously  spaced  clusters  of  ionized  particles 
of  varying  sizes.  High  energy  secondaries,  delta  rays, 
appear  to  fork  off  from  the  main  track  and  form  clusters  at 
various  intervals.  The  ionization  density  is  approximately 


1/1000  of  that  of  an  alpha  particle.  Electron  interactions 
are  of  three  types: (l)  inelastic  scattering,  or  ionization 
and  x-ray  production,  proportional  to  the  atomic  number,  Z; 
(2)  elastic  scattering  or  deflection  by  nuclear  or  electron 
fields  with  no  energy  loss  and  proportional  to  Z^;  (3) 

sharp  deflections  in  which  the  electron  radiates  photons. 

The  ratio  of  energy  loss  by  radiation  to  that  by  ionization 
may  be  shown  to  be  equal  to  ZE/82O  where  E is  the  energy  of 
the  impinging  particle,  in  mev. 

Photon  reactions  with  matter  are  a function  of  the 
photon  energy,  and  the  atomic  number  and  weight  of  the 
material.  The  three  most  important  reactions  are:  (l ) 10  to 
60  ev,  soft  and  medium  x-ray  region,  photons  are  absorbed  by 
the  photoel  ectric  effect  wherein  the  total  energy  of  the 
photon  is  absorbed  and  an  electron  is  ejected  from  an  inner 
shell  with  approximately  all  the  photon  energy^,  (2)  60  ev 
to  20  mev,  photons  are  scattered  by  essentially  free 
electrons,  the  scattered  photon  having  a decreased,  frequency 
and  the  recoil  electronshaving  a wide  energy  range;  (3) 
from  20  to  100  mev.,  photons  are  attenuated  principally  by 
annihil ation  of  the  photon  to  create  an  el  ectron  and  a 
positron  and  all  the  quantum  energy  is  imparted  approximate- 
ly equally  to  the  two  particles.  The  interactions  overlap 
but  the  most  numerous  are  shown  for  each  energy  region. 
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Fast  neutrons  are  slowed  down  in  organic  systems  princi- 
pally by  collisions  with  hydrogen  atoms*  The  atoms  recoil 
as  protons  which  produce  dense  ionization.  Successive  col- 
lisions usually  yield  thermal  neutrons  which  are  absorbed 
most  probably  by  hydrogen  to  form  deuterium  and  emit  a 
gamma  ray  of  energy  equal  to  2.2  mev.  The  mean  1 if e of  a 
fast  ^greater  than  10  ev)  neutron  is  10”^  seconds  and  the 
average  velocity  2200  meters  per  second.  Thermal  neutrons 
make  about  one  collision  per  centimeter  cf  path  and  usually 
travel  about  22  centimeters  before  absorption. 

In  the  systems  usually  studied  in  radiation  chemistry 
the  effects  of  ionization  and  electronic  excitation  are  the 
most  important o In  each  of  the  primary  absorption  events 
described  above,  whether  the  event  was  an  ionization  or  not, 
secondary  effects  are  to  produce  ionizations  or  electron 
excitation.  Secondary  electons  produced  by  heavy  particl  es 
can  have  no  more  than  twice  the  velocity  of  a heavy  particle; 
a 1 mev  particle  produces  a 2200  ev  secondary.  Any  fraction 
of  the  energy  of  the  incident  electron  may  be  transferred 
to  a secondary  electron. 

The  maximum  energy  of  the  primary  radiation  has  no 
large  effect  on  the  distribution  of  secondary  energies; 
the  greatest  number  of  secondaries  have  energies  between 
the  ionization  energy  and.  100  to  200  ev.  Secondary 
electrons  dissipate  their  energies  by  transfer  to  externa! 
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atomic  electrons,  collision  with  energy  transfer  and  by  large 
angle  deflection 0 The  very  low  energy  electron  is  finally 
absorbed  to  form  a negative' ion,  A unit,  called,  a #Gn  is  often 
used  to .denote  the  number  of  events,  ionizations  or  excitations, 
per  100  ev  of  energy  absorbed. 

Although  the  entire  chemical  effects  of  high  energy 
radiations  with  matter  have  not  been  explored  or  explained,  it 
is  still  believed  that  the  results  of  radio- chemical  reactions 
can  be  explained  by  a set  of  reaction  steps  similar  to  those 
of  ordinary  photochemical  and  thermal  reactions.  High  energy 
radiation  presents  a large  spectrum  of  energies  for  activation 
whereas  photochemical  reactions  are  activated  by  single 
energies  or  rather  a very  narrow  range  of  energies. 

Some  laboratories  capable  of  applying  high  energy 
radiation  are  listed  in  Table  II. 
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Table  II.  Some  Facilities  for  High  Energy  Irradiation  of 
Materials  for  Radiation  Chemistry  Studies  1/ 

I.  Fission  Products  and  High  Level  Radiaisotopes — Gamma  Ra^^s 

1.  Phoenix  Laboratory  (Engineering  Research  Institute) 
University  of  Michigan 

Ann  arbor,  Mich. 

2.  Food  Technology  Department 
Massachusetts  Institute  of  Technology 
Cambridge,  Mass. 

3o  Battel le  Memorial  Institute 
Columbus,  Ohio 

A.  Hanford  Cooling  Pit 

Hanford  Forks,  Richland,  Washington. 

5.  Miscellaneous  Medical  Schools. 

II.  Particle  Accelerators  - High  Energy  Electrons  and  X-rays. 

1.  High  Voltage  Engineering  Co. 

Cambridge,  Mass. 

2.  General  Electric  Laboratories 
Schenectady, ’ N.Y. 

3.  Food  Technology  Department 
Massachusetts  Institute  of  Technology 
Cambridge,  Mass. 

A.  National  Bureau  of  Standards 
Washington,  D.  C. 

III.  Reactors— Neutrons  and  Gamma  Rays 

1.  AEC  Facilities 

(1)  Brookhaven  National  Laboratory,  Upton,  N;Y. 

(2)  Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tenn. 

2.  Universities 

(1)  North  Carolina  State  College,  Raleigh,  NC. 

(2)  Penn  State  College  (to  be  completed  by  mid  1955) 

1 / This  is  not  to  be  considered  as  a comprehensive  1 isting. 
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II,  GENERAL  EFFECT  OF  HIGH  ENERGY  RADIATION 

ON  LONG  CHAIN  POLYMERS. 

The  effects  of  high  energy  radiation  have  been  studied 
on  a variety  of  polymers.  The  data  indicate  two  general 
effects:  crosslinking  of  the  polymer  or  rupture  of  the  main 

valence  polymer  chain.  In  addition  to  these  two  main  effects 
there  are  various  minor  effects  such  as  the  formation  of 
un saturated  carbon-carbon  linkages,  and  oxidation  of  the 
polymer  when  the  irradiation  is  carried  out  in  air. 

According  to  the  classification  of  Lawton,  Bueche,  and 
Balwit  the  following  polymers  have  been  shown  to  cross  link 
under  the  influence  of  ionizing  radiation: 

Polyacrylic  esters  GRS  Rubber 

Polystyrene  Butadiene-acrylonitrile  copolymers 

Polyesters  Neoprene  L 

Polyethylene  Neoprene  GN 

Chl  orinated  polyethylene  Polydimethyl  six oxanes 

Natural  Rubber  Styrene-acrylonitrile  copolymers 

Nithin  this  series  the  polyethylene  and  polystyrene  have 

probably  been  most  extensively  studied.  The  main  source  of 

high  energy  radiations  used  in  these  studies  has  been  from 

atomic  reactors  (piles).  The  intensity  is  usually  measured 

as  the  thermal  neutrons  per  square  centimeter,  as  the 

accompanying  fast  neutrons  and  gamma  rays  are  assumed  to  be 

proportional  to  the  si ow  neutrons.  The  total  irradiation  is 

then  expressed  as  the  si  ow  neutrons  per  square  centimeter 

(n/cm^) . 
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General  ly,  under  low  irradiation  (less  than  TO' 7 
slow  neutrons/ cm/  with  accompanying  fast  neutrons  and  gamma 

rays  from  a pile  ) this  class  of  materials  undergoes  small 

* 

increases  in  tensile  and  shear  strength,  while  elongation 
is  decreased  considerably.  The  initial  modulus,  and  hard- 
ness show  some  increase. 

Under  excessive  irradiation  (above  10-°  n/0m~)  a drop 
in  tenacity  as  well  as  elongation  is  observed  with  eventual 
disintegration  of  the  materials.  The  development  of  a hazy 
appearance,  increased  moisture  absorption,  brittleness, 
and  changes  in  color  precede  breakdown. 

A wide  variation  is  found  in  some  physical  properties 
at  intermediate  levels  of  irradiation.  These  are  discussed 
individual  !y. 

Polyethyl  ene  and  nyl  on  show  an  increase  in  tensile 

18  o 

and  shear  strength  up  to  about  10  n/cir.  with  onlv  a small 
1 0 

J oss  at  10  7 n/ end.  The  elongation  is  reduced  to  a low  value 
after  10-7  rycir~  resulting  in  an  increase  in  elastic  modulus 
and  hardness.  The  material  becomes  glass-like  at  room  temperature. 
The  characteristic  hazy  appearance  is  reduced  which  is  in  contrast 
to  most  plastics  which  become  hazy  upon  irradiation.  Irradiated 
polyethylene  shows  rubber-like  elasticity  and  improved  form 
stability  above  100°  G.  where  unirradiated  polyethylene  is 
viscous.  X-Ray  data,  rate  of  cooling  curves,  temperature- 
density  relations  and  viscosity  and  solubility  studies 


4 


have  been  used  to  show  the  extent  of  cross  linking  and 

changes  In  crystal!  inity  of  irradiated  po'l yethy  1 ene . 

Natural  rubber,  neoprene,  koroseal  and  polyesters  also 

show  an  initial  increase  in  strength  with  decrease  in 

1 Q / O 

elongation  but  are  disintegrated  by  about  10  7 n/cnr'  irradia- 
tion. 

Polystyrene  had  the  greatest  resistance  to  irradiation 
as  10^9  n/cm^  caused  only  minor  changes  in  all  physical 
properties. 

Nhile  the  mechanism  of  the  cross  linking  process  in 
these  polymers  is  not  completely  understood,  there  is  a 
large  amount  of  evidence  that  the  first  step  involved  is  an 
ionization  or  activation  of  part  of  the  polymer  chain  due 
to  interaction  with  an  energetic  secondary  particle.  This 
can  result  in  the  rupture  of  a carbon  hydrogen  bond,  and  by 
subsequent  el ectron  capture  resul  t in  the  formation  of  an 
active  radical.  Another  alternative  is  the  rupture  of  a 
carbon-carbon  bond  along  the  chain.  Nhile  the  latter  is 
more  feasible  from  a thermo dynamical  energetics  considera- 
tion,   the  bond  energy  of  G-C  is  approximately  80  kcal/ 

mole  whereas  the  C-H  bond  energy  is  about  98  kcal /mole  

the  lack  of  mobility  of  the  chain  segment  makes  recombina- 
tion more  likely  than  in  the  case  of  the  mobile  H atom 
resulting  from  the  C-H  rupture.  Experimentally,  the  ratio 
of  the  number  of  C-G  ruptures  of  pol  yethyl  ene  to  the 
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number  of  C-rH  ruptures  has  been  found  to  be  about  0.35; 
this  has  been  established  on  samples  over  a wide  ran ge  of 
initial  molecular  weights. 

Chari  ssb.y  found  that  irradiation  of  polyethyl  ene  by 
an  ionization  energy  equivalent  to  2. 3 x 10^  ev.  results 
in  the  crosslinking  of  0.5  % of  the  carbon  atoms  present. 

In  1 gm.  of  nolyethylene  there  are  2.15  x 10~v  carbon  atoms, 
so  that  the  energy  absorbed  per  carbon  atoms  is  11  ev,  or 
22  ev.  per  cross  link  formed.  This  is  similiar  to  the 


energy  of  decomposition  of  butane  by  deuterium  — 10  ev. 

Since  the  main  effect  of  this  radiation  is  to  evolve  H 
atoms  and  to  form  polymers  from  butane,  the  estimates  of 
energy  requirements  in  the  vapor  state  compare  directly  with 
values  for  liquid  and  solid  hydrocarbons  . 


It  is  important  to  realize  that  the  effect  of  ionizing 
radiation  does  not  defend  on  the  state  of  aggregation  of 
the  oolyner,  the  molecular  weight  of  the  ’'polymer,  nor  the 
degree  of  crystal Uniter.  Further  the  number  of  cross  links 

f 

effected  is  directly  proportional  to  the  amount  of  incident 
irradiation,  and  neglecting  side  effects,  the  time 
required  for  ” a given  dosa  e is  immaterial . Among  those 
polymers  which  have  been  found  to  depolymerize,  or  degrade, 


under  the 


infl uence 


of  ionizing  radiation  are: 

Pol ymethylmethacryl  ate 

Pol  yvinyl  chi  o r id  e 

Pol yvinyl id ene  chi  oride 

Polytetrafl  uoroethy!  ene 

Pol  ychlcrotrif!  uoroethyl  ene 

Cel  1 ul  ose 

Pol  yisobutyl  ene 
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ilethyl  methacrylate,  urea  formaldehyde,  vinyl idihe 
chloride  polymers,  casein,  cellulose,  cellulose  acetate, 
cellulose  nitrate,  cellulose  propionate,  ethyl  cellulose, 
and  cellulose  acetate  buterate,  all  showed  typical  degrada- 
tion, losing  strength  and  elongation  steadily  with  little 
change  in  the  shape  of  the  shape  of  the  stress  - strain 
curve  upon  irradiation.  They  became  completely  degraded  at 
less  tiian  1G  n/cm  . Some  also  showed  increases  in  weight 
and  moisture  absorption.  All  showed  color  changes. 

Fluorethane  and  teflon,  while  showing  changes  similar 
to  polyethylene  at  low  irradiation,  lost  all  strength  at 


less  than  10^6  n/c,r2 

Lei  amine  formaldehyde,  aniline  formaldehyde,  and 
phenol ics  had  intermediate  resistance,  requiring  10'^  n/cm2 
for  complete  loss  in  strength.  Cell ulosic  fillers  made 
little  difference  in  resistance,  while  many  elastics  with 
asbestos  fillers  showed  good  resistance  to  irradiation. 

It  is  dif ficul  t to  predict  the  amount  of  energy 
required  to  disrupt  a given  type  of  polymer  chain. 

Experiments  indicate  that  61  ev.  of  incident  ionizing 
radiation  are  need  per  bond  rupture  in  polymethylmethacrylate. 
Use  of  additives  to  the  polymer  such  as  all yl thiourea, 
aniline,  or  di-m  tolyl  thiourea  increase  the  energy  require- 
ments to  l/+3i)  1 53,  and  227  ev.,  respectively.  The  same 
protective  effect  is  obtained  by  copolymerizing  a monomer 
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subject  to  degradation  with  a monomer  inclined  to  cross-link. 
For  exampl  e,  polyisobutyl  ene  degrades,  but  a 20  % styrene 
addition  in  the  form  of  a polyisobutyl  ene- styrene  copolymer 
protects  the  polymer  so  that  degradation  does  not  take 
place.  It  seems  reasonable  to  assume  that  the  crosslinking 
and  degrading  processes  are  competitive,  and  that  in  the 
case  of  the  copolymer  the  effects  are  somewhat  neutralized. 

There  is  another  mechanism  by  which  this  protective 
effect  may  operate.  This  is  shown  by  the  fact  that 
aliphatic  cyclic  compound s are  easily  disrupted  by  high 
energy  radiation,  whereas  the  aromatic  systems  are  not. 

This  latter  effect  may  be  attributable  to  the  ease  with 
which  conjugated  systems  absorb  energy  and  are  activated 
to  higher  quantum  states;  the  activation  energy  may  then 
be  reradiated  without  bond  rearrangement  having  occurred. 

The  net  effect  of  the  conjugate  system  manifests  itself  then 
as  an  abil  ity  to  absorb  ionizing  radiation  without  appreciable 
chemical  change  having  occurred. 

Both  of  these  hypotheses  may  apply  simultaneously  since 
the  presence  of  conjugated  systems  in  a polymer  not  only 
increases  the  degradation  energy  requirement s,  but  also  aids 
in  cross-linking.  If,  an  activated  molecule  is  the  precurso 
to  a chain  linking  event,  then  the  conjugated  system  in  its 
higher  energy  state  would  tend  to  facilitate  the  number  of 
crosslinks  formed,  while  at  the  same  tine  acting  as  an 
inhibitor  to  chain  rupture. 
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It  is  difficult  to  predict  with  certainty  what  the 
effect  of  ionizing  radiation  will  be  on  any  given  type  of 
polymer  chain.  However,  there  are  some  conclusions  to  be 
drawn  from  the  data  report- ed  in  the  literature*  It  appears 
that  unbranched  linear  polymers  of  the  hydrocarbon  type 
having  a chain  1 ength  of  from  seven  to  one  thousand  carbons 
can  be  cross! inked  to  form  either  gels  or  rigid  polymers, 
depending  on  the  initial  chain  length.  With  these  polymers 
there  appears  to  be  1 ittl e or  no  formation  of  unsaturation 
along  the  chain,  and  the  energy  requirements  per  crosslink 
are  of  the  order  of  22  ev. 

On  the  other  hand,  polymers  of  the  hydrocarbon  type 
having  neopentyl  carbon  atoms  are  degraded,  and  show  the 
formation  of  appreciable  un saturation.  It  would  appear 
reasonable  to  conclude  that  degradation  - manifested  as 
chain  rupture  - takes  place  in  those  structures  which  are 
able  to  form  a more  stable  linkage  within  themselves  than 
the  activated  form  resulting  from  irradiation,  there  the 
formation  of  such  linkages  is  not  possible,  the  activation 
energy  is  dissipated  either  by  reradiation,  as  in  the  case 
of  the  conjugate  systems,  or  by  attack  of  the  active  radical 
on  a neighboring  group  with  the  resulting  formation  of  cross 
links. 

This  would  explain  the  difference  in  behavior  between 
polyethylene,  containing  only  secondary  carbon  atoms,  and 
polyisobutylene  which  contains  neopentyl  carbon  atoms.  The 
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mechanism  postulated  woul d consist  of  the  initial  activation 
of  a carbon  atom  along  the  polymer  chain,,  the  dissipation 
of  this  activation  energy  either  through  energy  transfer 
along  the  chain,  reradiation  of  the  energy,  bond  rupture 
and  resulting  skeletal  rearrangement , or  bond  rupture  and 
subsequent  attack  by  the  radical  on  neighboring  polymer 
chains e The  feasability  of  energy  transfer  along  the  skeletal 
chain  is  demonstrated  by  the  protective  effect  given  by  addi- 
tives to  the  polymer.  The  probability  of  activation  of  the 
polymer  at  points  in  contact  with  the  additive  is  not  great 
enough  to  cause  the  protective  effect  demonstrated:  it  must 
therefore  be  concluded  that  this  protective  effect  is 
operative  along  a large  length  of  the  polymer  chain,  and 
this  can  only  be  explained  by  assuming  that  there  is  the 
feasibility  of  energy  transfer  along  the  chain.  The 
possibility  of  reradiating  the  incident  energy  must  be  con- 
cluded from  the  abil  ity  of  aromatic  compounds  to  withstand 
the  effect  of  large  ionizing  dosages;  the  reradiation  of 
course  may  be  in  many  forms,  but  presumably  the  larger  part 
is  in  the  form  of  heat.  Bond  ruptures  due  to  ionizing 
radiation  can  be  demonstra  ted  by  the  isolation  of  low 
molecular  weight  hydrocarbons  in  the  case  of  degrading 
polymers,  and  in  the  isolation  of  hydrogen  gas  in  the  case 
of  crosslinking  polymers. 
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In  a recent  paper  , Killer,  Lawton,  and  Balwit  have 

attempted  to  devine  a general  pattern  for  the  behavior  of 

solid  polymers  toward  ionizing  radiation.  The ir  correl ation 

of  radiation  effects  and  chemical  structure  apolies  only 

for  vinyl  polmers  with  main  chains  composed  only  of 

saturated  C-G  leril  rages.  Sven  with  this  limitation  a 

wide  variety  of  polymers  are  covered  by  their  generalization. 

They  find  that  cross-linking  occurs  if  the  polymer  contains 

at  least  one  -,-hyrogen;  i.e.  if  it  has  the  structure 

(-OH2  CH2“)n  or  £CH2CH~)ne 

R 

CH3 

Degradation  will  occur  if  the  structural  unit  is  (-ChuC-  )n# 

R 

bhil  e the  postulates  given  would  only  apply  to  hydro- 
carbon type  pel yiners , it  would  seem  reasonable  that  the 
general  principle  could  be  extended  to  any  type  of  polymer,, 
providing  sufficient  knowledge  is  at  hand  about  the  relative 
energies  of  formation  of  the  possible  decomposition  or 

crosslinked  products*  It  would  also  require  an  extensive 

r 

knowledge  of  the  bonding  energies  present  in  a given  type 
of  polymer. 
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III.  EFFECT  OF  HIGH  ENERGY  RADIATION 


ON  CELIUI03IC  Iw" 


aLS 


Although  several  other  polymeric  materials  have  been 
studied  in  some  detail , there  have  been  very  Tew  quantitative 
studies  of  the  effect  of  high  energy  radiation  on  cellulose. 

A very  interesting  preliminary  study  of  such  effects  has 
been  made  by  Saeman  and  billet,  of  the  U.  3.  Forrest  Products 


Laboratory,  in  cooperation  with  Lawton,  of  the  General  El ectric 
Research  Laboratory.  High  energy  cathode  rays  as  obtained 
from  a modified  1-iOev  X-ray  unit  were  employed  for  the  irradia- 
tion of  wood,  wood  pulp,  cotton  1 inters,  and  glucose. 

Unfortunately  the  radiation  dosages  applied  to  the 
cellule sic  material s by  Saeman;  et . al . , were  rather  large  and 
the  main  effects  noted  were  depolymerization  of  the  molecular 
chains  and  decomposition  of  the  carbohydrate  constituents 
of  the  sarr.pl  es.  .'ith  the  cathode  ray  source  em.pl  oyed  a given 
ionizing  dose  could  be  accumulated  at  a rate  of  1 43 >000 
roentgens  (r)  per  second  at  a distance  of  10  cm.  from  the 

f 

tube  window.  Under  the  conditions  of  these  irradiations  the 
cotton  1 inters  sample  experienced  a temperature  rise  of  about 

n 

40°  Go  during  exposure  to  a radiation  dose  of  10'  r.  In 

those  cases  where  a sample  was  to  receive  a total  dose  in 

excess  of  10'  r.,  the  total  dose  was  broken  down  into 
7 

increments  of  10  r.  with  a cooling  period  between  irradia- 


tions 
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The  effect  of  irradiation  with  these  high  energy- 
electrons  on  the  degree  of  polymerization  was  determined 
from  viscosity  measurements  in  cupriethyl enediamine . It  was 
found,  that  a dosage  of  10^  r.  had  small  effect  on  the  chain 
length  of  the  cotton  1 inters  or  wood  pulp  samples.  At 
radiation  dosage  levels  in  excess  of  10^  r.  a large  decrease 
in  the  degree  of  polymerisation  was  observed 3 the 
depolymerization  effect  increased  with  increasing  radiation 
dosage  up  to  5 x 10°  r.  at  which  stage  the  cellulose  was 
water  soluble.  In  the  dosage  range  between  10^  and  ]0®  r*. 
the  change  of  DP  with  dosage  can  be  roughly  approximated  by 
a relation  of  the  form: 

log  DP  = ->  log  R + log  K 

The  viscosity  data  for  the  irradiated  cotton- 1 inters 
and  wood  pulp  indicate  that  depolymerization  of  both  material  s 
occured  at  the  same  rate.  This  coincidence  in  rate  of 
depolymerization  is  to  be  contrasted  with  their  behavior 
during  chemical  hydrolysis  where  the  reaction  rate  for  the 
crystalline  portion  of  the  wood  pulp  is  approximately  twice 
that  for  the  same  portion  of  the  hydrolysis  curve  for  the 
1 inters.  This  behavior  suggests  that  the  radiation  induced 
depolymerizaticn  is  independent  of  the  extent  or  organization 
of  the  crystalline  regions. 

The  original  cell  ulose  1 inters  had  an  alpha-cellulose 

t 

rj 

content  of  97 • 7 %•  Exposure  to  a radiation  dosage  of  10'r. 
effected  a 2 % loss  in  apparent  carbohydrate  content.  The 
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decomposition  of  carbohydrate  increases  with  increasing 

irradiation  dosage  with  a 44  % decomposition  observed  at  a 

dosaze  level  of  5 x lO^r*  At  anr1  in^  x.,  , , , 

1 6 anG-  IU  r.  the  caroonydrate 

loss  in  pure  glucose  was  the  sane  as  the  loss  from  cotton 

1 inters. 


In  addition  to  the  reduction  in  degree  of  polymeriza- 
tion and  carbohydrate  decomposition,  irradiation  produced  a 
large  change  in  the  susceptibility  of  the  cellulose  to 
hydrolytic  attack  by  mineral  acid.  Samples  of  the  irradiated 
materials  were  subjected  to  hydrolysis  by  0.1  N Sulfuric  acid 
at  180°  G.  Hot rape 1 a ti on  of  the  constant  rate  portion  of 

the  hydrolysis  curve  in  the  usual  manner  shows  that  increased 
radiation  dosage  oroduced  an  increase  in  the  amount  of  easily 
hydrolyzed  or  "amorphous”  cellulose.  Irradiation  not  only 
causes  an  apparent  decrease  in  crystal  Unity  but  also 
increases  the  hydrolysis  rate  for  the  crystalline  or  resistant 
portion  of  the  irradiated  cellulose.  For  example,  the  rate 
constant  for  the  hydrolysis  of  the  unirradiated  cotton 

^ . n 

imters  was  0.0053.  after  irradiation  at  a dosage  of  10-  r. 
the  reaction  constant  was  found  to  be  0*015  ana  after  a 
dosage  of  10^  ?.  the  reaction  constant  was  0.096. 

Saeman,  et.  al . were  interested  in  the  saccharification 
of  the  irradiated  cellulosic  materials  and  were  able  to  show 
that  the  over  all  sugar  yield  increased  as  a function  of 

• For  example  the  1 inters  showed  an 


irradiation  dosa  :e 
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increase  in  sugar  yield  from  23  % for  the  unirradiated  control 
to  62.1#  after  exposure  to  10“  r.  At  radiation  dosa  es  of 
greater  than  5 x 10  r.,  the  overall  yield  of  sugar  drops  off 
due  to  the  increasing  destruction  of  carbohydrate  material . 

As  regards  the  relation  between  DP  and  sugar  yield,  it  was 
shown  that  the  cellulose  had  to  be  depol  ymerized  to  an 
average  chain  length  of  about  200  glucose  units  before  a 
significant  increase  in  sugar  yield  was  observed. 

Li  the  work  of  Saeman  the  two  main  effects  noted  as  a 
consequence  of  radiation  were  depolymerization  and  decomposi- 
tion. These  two  reactions  occur  simultaneously  but  at 
different  rates.  From  the  reduction  in  DP  of  the  cotton 

1 inters  affected  by  a radiation  dosage  of  10  r.  it  was 

°0 

possible  to  calculate  that  1.02  x 10^  single  depolymeriza- 
tion events  must  have  occured  oer  gram  of  1 inters.  Since 
one  gram  of  1 inters  corresponds  to  3.7  x 102^  anhydro glucose 
units,  about  one  main  chain  fracture  occured  for  each  36 
glucose  units. 

The  number  of  glucose  units  converted  to  non  carbohydrate 
materia]  by  the  same  dosage  is  5.2  x 1 02<2  per  gram  of  1 inters, 
or  about  one  glucose  unit  in  every  seven  is  decomposed  by  a 
dosage  of  10°  r. 

Saeman,  et.  al.  point  out  that  the  depolymerization 
and  decomposition  reactions  appear  to  occur  at  random  both  , 
in  the  crystalline  and  amorphous  areas  and  that  the  crystalline 


•- 


: 


■ 

■ 


- -25- ; 


regions  remaining  after  irradiation  are  more  subject  to 
chemical  reaction* 

In  working  wit  rr  the1  polymers'  pblymelihyl  ~ itidthacryl  ate  and 

polyisobutylene  Chari esby  found  that  the  change  of  viscosity 
with  radiation  is  consistent  with  the  assumption  that  degrada- 
tion occurs  by  random  fracture  of  the  main  valence  chains  and 
that  the  number  of  fractures  is  proportional  to  the  radiation 
dosage.  Applying  these  seme  considerations  to  the  experimental 
work  of  Saeman,  et . al . , Chari  esby  has  been  able  to  give  a 
theoretical  amplification  to  their  work  on  cellulose  and  to 
deduce  simple  relationships  between  dosage  and  depol ymeniza- 
tion  and  decomposition. 


Chari esby  shows  that  the  viscosity-average  molecular 
weight  of  the  irradiated  sample  (l^.)  can  be  related  to  the 
applied  dosage  by  the  following  equation: 


Mtr  -i'P  C * 2) M'S  (R  + Bo) 


v /•  ' ~',i  P 

In  this  equation,  m is  the  weight  of  a monomer  unit,  and  p 
is  the  probabil ity  of  main  chain  fracture  occuring  at  a given 
monomer  unit.  R is  the  radiation  dosage  in  units  of  10^  r. 
and  R0  is  defined  as  the  "virtual”  radiation  needed  to 
depol ymerize  a molecule  of  infinite  molecular  weight  until 
the  resultant  has  the  same  number- average  molecular  weight 
as  the  experimental  polymer  prior  to  irradiation.  o(  is  a 
constant  which  has  a value  between  0.5  and  1.0  depending 
upon  the  polymer  system  employed  and  is  taken  to  be  the  same 
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as  the  exponent  in  the  usual  viscosity-molecular  weight 
relation.  The  first  term  of  the  equation  in  brackets  is 
the  gamma  function  of  (••+2)  and  gives  the  ratio:  between 
viscosity- average  and  number-average  molecular  weight  for  an 
exponential  distribution  of  molecular  lengths. 

Further  assuming  that  the  correct  form  of  the  viscosity- 

mo  1 ec  ul ar  wei ght  rel ati on  is: 

| !\  j=  X My 

then, 

log  K + log;  ;7  (o/  + 2)  +-;y  lo g 21  „c>l0g  (R  + R ) 

If  the  above  treatment  is  correct  a plot  of  log'Mvs.  log 
(A  + A0)  should  be  a straight  line  of  slope-ox'  . Chari  esby  uses 
the  data  of  Saeman  to  check  this  relation  and  found  that  log 
fri  | was  linearity  dependent  upon  log  (R+R  ) with  x =0*71  for 
cotton  1 inters  when  R0  was  10°  r>#  The  value  of  K correspond— 
iiig  to  > =0*71  was  calculated  to  be  5.9  x 10“^  and  p was 
found  to  be  1.6  x 10  According  to  this  value  of  the 
probability,  a dosage  of  106  r.  vdll  fracture  0.1 6$  of  the 
bonds  in  the  cellulose  chains.  On  the  basis  of  a 0.16$ 
bond  breakage  per  10u  r.  there  are  5.9  x 10JO  bonds  broken 
per  gram  of  cellulose.  This  same  radiation  dosa  e liberates 
approximately  5.5  x 10'L/  electron  volts  per  gram.  Thus  each 
main  chain  fracture  requires  only  9 e.v.  This  is  appreciably 
lower  than  for  isobutylene  where  17  e.v.  were  required  for 
each  fracture. 
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Charlesby  reiterates  the  conclusion  given  by  Saeman 
that  in  radiation  induced  depolymerization  the  crystal  1 ine 
and  amorphous  regions  are  equally  liable  to  main  chain 
fracture.  This  conclusion  is  based  on  the  linearity  of  the 
logfV  vs-  loS  (R+Ro)  relation. 

In  the  protection  of  cellulosic  materials  against 
thermal  or  biological  attack  it  is  usually  necessary  to  modify 
only  the  amorphous  portion  of  the  cellulose.  The  crystalline 
or  resistant  portion  has  an  inherent  stability  by  virtue  of 
its  inaccessibility  to  the  attacking  agent.  In  any  modification 
of  cellulose  designed  for  resistance  to  radiation,  the  pro- 
tecting group  must  be  distributed  throughout  the  who! e of  the 
cellulose  and  not  limited  to  substitution  in  the  amorphous 
regions  only. 

Scocca  and  Brenner  have  discussed  the  role  of  moisture 
in  the  depolymerization  of  cellulose  by  x-rays.  Samples  of 
surgical  cotton  conditioned  to  different  moisture  contents 
were  exposed  to  an  X-radiation  dosage  of  10°  r.  Viscosity 
measurements  on  the  irradiated  samples  showed  that  the  oven 
dry  samples  were  most  severely  depolymerized  while  those 
containing  6-1/$  moisture  were  much  less  severely  degraded. 

Lawton,  Bellamy,  Hungate,  Bryant,  and  Hall  have  studied 
the  effect  of  high  energy  electrons  on  bass  wood.  Irradiation 
of  basswood  altered  its  structure  in  such  a way  that  some  of 
the  insolubl  e carbohydrate  became  avail  abl  e to  rumen  bacteria. 
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The  digestabil ity  of  the  wood  was  littne  affected  by 

radiation  dosages  of  6.5  x 106  r#  or  iess.  Between  6.5  x 

6 8 

10  and  ] .0  x 10  r.  increased  dosage  resulted  in  increased 
foment  abil  ity.  maximum  foment  ability  was  obtained  at  a 
dosa  e level  of  10  r.  At  this  point  of  maximum  digestabil ity 
the  wood  became  friable  and  hygroscopic.  At  radiation  dosages 
greater  than  1C  r.  the  carbohydrate  fraction  was  converted 
to  a form  less  readily  usable  by  rumen  bacteria. 

Winogradoff  has  made  a brief  study  of  the  effect  of 
X-radiation  on  the  tensile  strength  and  other  properties  of 
cellulose  acetate  filaments  and  films.  Samples  of  cellulose 
acetate  yarns  were  exposed  to  x-radiation  eminating  from  a 
copper  target  tube  operated  at  50  Kvp  for  periods  up  to  190 
hours.  The  tensile  strength  was  found  to  decrease  exoonentially 
with  exposure  time.  The  tensile  strength  decreased  to  less 
than  50$  in  120  hours  of  exposure.  Each  tensile  failure 
occured  within  the  irradiated  area  of  the  yarn  and  showed 
very  brittle  fracture. 

X-ray  diffraction  oatterns  obtained  on  irradiated  samples 
of  the  cellulose  acetate  showed  that  a progressive  decrystal  1 i- 
zation  was  effected  by  increased  radiation  dosa:e.  'inogradoff 
was  able  to  show  further  that  a gas  was  evolved  during  the 
irradiation  of  cellulose  acetate. 

In  summarizing  the  effects  of  high  energy  radiation  on 

t 

cellulose,  it  must  be  noted  that  the  main  chemical  effects 
discussed  in  the  literature  are  those  of  depolymerization, 
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decomposition,  and  decrystallization.  Thus  at  the  dosage 
levels  previously  studied  the  effects  of  radiation  on 
cellulose  are  to  a large  extent  detrimental.  It  will  be 
necessary  to  study  lower  dosage  levels  to  determine  if 
there  are  any  beneficial  effects  of  radiation  on  the  textile 
properties  of  cellulosic  materials.  Some  of  the  possibilities 
of  improving  cotton  cellulose  by  low  level  irradiation  are 
suggested  in  a later  section. 
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IV.  APPLICATION  OF  HIGH  ENERGY  RADIATION 
IN  CELLULOSE  10DIFIC  VTION  AND  TRE/TIENT  . 

As  was  poiated  out  in  the  last  section  the  main  effects 
of  radiation  on  cellulose  itself  are  depol  yne rizat ion  and 
decomposition.  Thus  the  application  of  high  energy  radiation 
would  appear  to  have  no  place  in  the  treatment  and  modifica- 
tion of  cellulose.  However,  in  the  modification  of  cotton 
with  the  view  to  imparting  or  improving  certain  character  - 
istics,  it  is  often  necessary  to  use  other  polymeric  materials 
in  conjunction  with  the  cellulose.  For  example,  polymethyl 
sil.oxanes  are  applied  as  water  and  soil  resistant  finishes* 
Impregnation  with  acrylonitrile  butadiene  copolymers  and  other 
emul  si on  1 atices  have  been  employed  for  the  improvement  of 
abrasion  resistance.  In  the  application  of  crease  proofing 
resins,  the  monomer  or  orecondensates  are  deposited  in  the 
fiber  followed  by  in  situ  polymerization  to  give  a block 
pol  yrner. 

It  is  in  such  cases  where  a secondary  polymer  or  monomer 
is  used  in  conjunction  with  the  cellulose  that  the  possible 
usefulness  of  high  energy  radiation  becomes  apparent. 
Polymerization  of  applied  monomers  may  be  induced  by  radia- 
tion. These  radiation  induced  oolymerizations  have  certain 
advantages  over  chemically  catalyzed  polymerizations  which 
make  them  specially  attractive  in  textile  finishing  work.  > 
The  polymerization  reaction  may  be  carried  out  at  a much 
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lower  temperature  and  the  molecular  weight  of  the  resulting 
polymer  is  directly  proportional  to  the  temperature,  as 
compared  to  chemically  catalyzed  reactions  when  the  resulting 
molecular  weight  is  inversely  proportional  to  temperature. 

These  advantages  follow  from  the  fact  that  in  radiation 
induced  polymerization  the  active  centers  are  produced  by  a 
temperature  independent  process. 

A second  major  possibility  lies  in  the  cross  1 inking  of 
preformed  polymers  deposited  on  the  cellulose  surface  by 
impregnation  from  solution  or  emulsion.  Although  the  polymer- 
network  so  obtained  would  not  be  chemically  bonded  to  the 
cellulose,  an  improvement  in  1 aunderabil ity  and  heat  stability 
should  be  accomplished  in  transforming  the  initially  deposited 
linear  polymer  into  a cross-linked  network.  The  latter  effect 
is  feasible  because  of  the  tremendous  amounts  of  localized 
energy  which  are  available  for  bond  rupture  and  bond  " rearrange- 
ment s due  to  secondary  particle  collisions.  The  low  temperature 
in  situ  polymerization  of  vinyl  and  acrylic  type  monomers  in- 
cellulose  should  be  considered.  It  has  been  found  possible 
to  polymerize  these  monomers  at  a temperature  of  30°  C under 
the  influence  of  a radiation  dosage  of  10^  r.  with  a conversion 

better  than  50/6  based  on  monomer.  Acrylamide  can  be  polymeriz- 

6 

ed  at  0°  C with  a dosage  of  2 x 10  r.  in  the  solid  state. 

The  same  dosage  will  polymerize  tetraethyl  ene  glycol 

dime thacryl ate  (Tegma)  at  temperatures  of  -55°  C.;  this  latter 
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compound  shows  the  odd  property  of  storing  free  radicals. 

For  example,  if  T.EGMA  is  cooled  below  -55°  C.  and  irradiated 
at  this  temperature,  no  polymerization  takes  place.  If  the 
compound  is  then  heated  above  this  temperature,  the  polymeriza- 
tion begins,  even  if  the  irradiated  monomer  has  been  stored 
at  dry  ice  temperatures  for  several  days  after  irradiation. 

Gross  linking  of  preformed  polymers  should  be  of  interest 
in  improving  the  laundry  resistance  of  water  repellent  finishes. 

A reaction  of  interest  would  be  the  formation  of  cross-linked 
pol ydine ihyl si!  oxane s in  situ  with  ionizing  radiation. 

There  is  a possibility  that  cotton  impregnated  with 
natural  or  GAS  rubber  could  be  given  improved  adhesive  properties 
by  cross-linking  the  rubber  with  ionizing  radiation.  The 
crosslinking  of  the  rubber  should  improve  the  adhesion  between 
the  cellulose  and  polymer,  and  the  latter  would  facilitate 
adhesion  to  other  hydrocarbon  type  structures. 

One  of  the  new  fields  for  application  of  ionizing  radia- 
tion is  in  the  radiation  induced  polymerization  of  such 
compounds  as  perf luoro propyl ene,  perfl uorobutadiene,  and 
perfl  uore  acryl onitril e ; these  compounds  can  not  be  polymerized 
by  ordinary  chemical  catalyst.  It  may  be  possib1 e therefore 
to  polymerize  those  compounds  after  impregnation  of  the 
monomer  into  cotton  and  thus  produce  a tightly  bound  fluorine 
containing  polymer  in  the  fiber.  In  the  liquid  state  a dosage 
of  10^  r.  has  been  found  to  convert  from  0.10  to  0,2U%  of  these 
monomers  into  polymeric  form. 
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There  seems  to  be  little  1 ike! yhood  of  directly  cross 
linking  cellulose  throu  h the  use  of  ionizing  radiation. 

Such  cross  links  may  be  feasible  in  cellulose  derivatives 
containing  vinyl  groups.  For  example,  if  cellulose  acrylate 
were  exposed  to  ionizing  radiation  there  is  the  possibility 
of  forming  vinyl  polymers  between  the  cellulose  through  the 
acrylate  double  bond. 

It  must  be  emphasized  that  in  all  of  these  suggested 
applications  there  will  be  a competition  between  the  desired 
reaction  and  the  degradation  reaction  of  cellulose  chains  and 
glucose  rings.  The  feasibility  of  each  type  of  reaction 
would  have  to  be  determined  experimentally  to  find  a workable 
dosage  level  which  would  produce  the  desired  polymerization  or 
cross  linking  reaction  without  causing  prohibitive  degradation. 
In  some  cases  it  may  be  necessary  to  work  with  chemically 
modified  cellulose  containing  aromatic  resonant  substituents 
in  order  to  afford  the  cellulose  some  protective  effect.  An 
example  of  this  7 roul d be  the  benzyl  ether  derivative  of 
cellulose  or  even  the  cellulose  benzoate. 

v.  use  of  radioactivity  for  control  of 

STaPIC  ELEC TRICITY  IF  TEETHE  PROCESSING. 

Sta-tic  electric  charges  are  generated  on  textile  fiber  as 
they  rub  against  ea,ch  other  or  against  the  machinery  during 

>> 

processing.  If  the  fibers  are  sufficiently  conducting,  the 


charges  will  be  immediately  neutralised,  but  as  many  fibers  are 
good  insulators  the  charges  remain  and  cause  undesirable 
attractive  and  repul sive  forces  which  interfers  with  processing 
in  many  ways. 

Raw  cotton  and  wool  are  fair  conductors  at  high  humidities 
so  the  static  electric  problem  was  not  severe  until  the  develop- 
ment of  synthetic  fibers  and  chemically  treated  cottons.  These 
are  often  less  hydroscopic  and  lack  natural  lubricants,  both 
Takers' contributing  to*  development  of  a static  charge,  ’Com- 
petition for- quality  with  increased  speed  of  production  makes  the 
problem  acute. 

The  current  required  to  dissipate  the  charge  dev el  ooed  in 
various  operations  varies  from  about  0.003  microampere  in  weav- 
ing and  0.07  microampere  in  carding,  to  as  much  as  5 microamperes 
in  warping  operations. 

Static  may  be  controlled  in  a number  of  ways  depending 
upon  the  material  and  processing  stage.  All  metal  parts  of 
machinery  should  be  well  grounded,  and  the  material  itself  may 
be  partially  grounded  by  passing  it  close  to  sharp  points  on 
grounded  bars.  The  use  of  high  humidity  is  advantageous  where 
the  material  is  hydroscopic  and  its  strength  is  not  adversely 
affected  by  absorbed  moisture.  Very  high  humidity  corrodes 
machinery.  Cationic  and  anionic  conducting  chemical  s and 
lubricants  are  also  effective,  especially  where  friction  must 
also  be  controlled  but  are  expensive  if  used  in  sufficient 
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cuantity  and  may  a"?  so  have  to  be  removed  before  further  process- 
ing. Sources  of  high  vol  tage  discharges  have  been  devel  oped 
to  relieve  static  charges  and  may  be  the  only  feasable  method 
where  currents  of  greater  than  about  2 microamperes  are  involved 
as  in  warping  operations. 

Ions  created  in  the  material  and  the  surrounding  air  by 
high  energy  radiations  from  radioactive  material  are  effective 
in  allowing  conduction  either  via  the  air  or  the  material  to 
grounded  parts  of  the  machinery.  Little  progress  in  this 
direction  has  been  made  heretofore  because  of  the  scarcity  of 
economically  available  radioactive  materials.  There  are 
principally  three  types  of  particles  from  radioactive  material 
useful  as  ionizing  agents. 

Gamma  rays  are  extremely  dangerous  in  amounts  sufficient 
to  oroduce  the  required  ionizations,  as  they  are  very  penetrat- 
ing and  heavy  metal  shielding  is  required  to  control  them. 

Alpha  rays  are  the  strongest,  ionizing  agent  and  the  safest 
because  of  their  short  range  and  low  penetrating  power  allowing 
easy  shielding  and  causing  only  surface  burns  when  carelessly 
handled.  They  are  especially  useful  where  the  material  can  be 
made  to  pass  very  close  to  a coating  of  the  material  . Radio- 
active Polonium;  is  a good  source  of  alpha  rays  but  is  expensive 
and  has  a short  half-life.  Radium  sources  emit  alpha  as  well 
as  Bata  and  gamma  rays  but  are  dangerous,  principally  because 


of  the  gamma  rays. 
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Beta  rays  are  intermediate  in  safety  requiring  some 
shielding  and  can  be  used  where  the  dissipation  current 
required  is  not  too  high.  They  could  possibly  be  used  in 
carding  effectively  if  strong  enough  sources  can  be  obtained 
cheaply.  Thallium  204  is  a cheap  and  safe  source  of  beta  rays 
but  is  not  available  in  sufficient  strength  for  carding  opera- 
tions, It  also  has  a short  half  life  (2,7  years).  Strontium 
90,  with  a 22  year  half  life  emits  beta  rays  and  should  be 
available  from  nuclear 'reactors  (piles)  in  quantity. 

The  Shirley  Institute  has  used  Thallium  204.  as  an  oxide 
coating  on  brass  to  eliminate  " fog  marking”  of  material  during 
weaving.  The  electrostatic  charge  left  on  the  material  after 
the  loom  has  stopped  collects  dust,  etc.,  giving  the  exposed 
material  a grey  color.  The  beta  ray  source  is  suspended  over 
the  loom  during  shut-down  periods  to  dissipate  static  charges. 
These  sources  are  safe  when  properly  handled. 

VI.  SUGGESTED  RESEARCH  Of  IKE  INTERACTION  OF 
COTTON  CELLUI03E  FID  HIGH  ENERGY  EaDIATION 

Two  points  are  evident  in  considering  possible  future 
work  on  the  application  of  high  energy  radiation  in  cellulose 
research.  First,  the  effects  of  radiation  on  cellulose  in  the 
form  of  textile  products  has  not  been  studied  at  all,  and, 
second,  those  studies  of  cellulosic  materials  which  have  been 
made  were  sacrificial  in  nature  in  that  the  desired  end  was  the 
destruction  of  the  cellulose.  For  example,  in  the  one  case 
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where  cotton  1 inters  we  e irradiated  the  starting  material 
was  a commercial  sheet  already  largely  degraded  (DP  - 900) 
during  c hern  cal  purification.  The  1 inters  were  then  exposed 
to  high  level  radiation  dosages  with  the  intent  of  improving 
the  sugar  yield  by  saccharification  of  this  irradiated 
cellulosic  material. 

h first  and  fundamental  study  is  desirable  on  the  effects 

of  radiation  on  native  cotton  cellulose  in  textile  form 

fibers,  yarns,  fabrics,  etc.  In  such  a study  the  exposure 
level  should  be  considerably  lower  than  that  previously 
employed  since  it  is  known  that  the  radiation  threshold  for 
depolymerization  and  decomposition  of  cellulose  is  about  10^  r. 
The  range  of  radiation  dosage  from  about  10?  Tm  Up  to  the 
destructive  threshold  should  be  surveyed  to  determine  if  there 
are  beneficial  effects  of  radiation  on  textile  properties.  A 
partial  list  of  qualities  that  should  be  evaluated  as  a function 
of  dosage  are  given  below: 

/ ^ / 

1.  Tensile  properties — strength,  tenacity,  elongation, 

el  astic  modal  us,  elastic  properties, 
etc. 

2.  Fine  structural  properties— crystal 1 inity,  crystal!  ine' 

orientation,  density,  swell  ability, 
moisture  absorption,  etc. 

3.  lolecular  Properties — degree  of  polymerization, 

configurational  study  of  resulting 
glucosides,  etc. 

l,»  Chemical  Properties — reactivity  and  accesibil  ity,  rot 

resistance,  heat  resistance,  etc.  ' 


r 


The  moisture  content  of  the  cotton  undergoing  irradiation 
can  be  expected  to  modify  the  course  of  the  induced  reactions 
and. would  require  study.  The  nature  of  the  surrounding 
atmosphere  during  irradiation  can  al so  be  expected  to  play  a 
part  in  the  nature  of  the  effects  produced  and  would  require 
control . 

Although  a detailed  study  of  the  effects  qf 
radiation  on  native  cotton  would  be  a large  undertaking,  secondary 
studies  should  also  be  considered  for  some  of  the  more  important 

modified  cottons mercerized,  acetyl  at ed,  cyano ethyl  ated, 

decrystal  1 ised,  etc.  It  should  be  noted  that  with  the  exception 
of  the  actual  irradiation  work  all  of  the  characterization 
tests  are  common  to  cellulose  research  and  would  require  no 
large  outlay  for  equipment  or  personnel  not  presently  avail - 
abl  e . 

Research  on  the  use  of  ionizing  radiation  in  the  modifica- 
tion of  cotton  can  be  divided  into  two  broad  classes.  The 
first  would  include  the  study  of  irradiation  effects  on  cotton 
impregnated  with  various  material  s.  Among  these  would  be 
uncured  elastomers,  preformed  polymers  or  copolymers,  and 
reactive  monomers  which  could  be  polymerized  in  situ.  The 
second  broad  grouping  would  include  cellulose  derivatives 
which  might  be  induced  to  cross  link  because  of  functional 
groups  which  they  contain;  an  example  of  this  would  be  the 
tetraethyl ene  glycol  methacrylate  ether  of  cellulose.  The 
parent  compound  containing  the  two  terminal  methacrylate  groups 
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is  easily  polymerized  at  0°  C.  under  the  influence  of  high 
energy  radiation. 

another  interesting  topic  for  research  would  include  the 
effect  of  radiation  on  the  ’mown  chemical  reactions  of  cellulose. 
For  example,  formaldehyde  vd.ll  react  with  cellulose  in  acidic 
media.  It  would  be  of  interest  to  radiate  cellulose  in  an 
atmosphere  of  formaldehyde  vapor  to  determine  if  cross  linking 
can  be  obtained  in  this  manner. 

The  use  of  radioactive  isotooes  in  mechanical  processing 
will  depend. upon  the  economic  availability  of  isotopes  giving 
alpha  and  beta  radiations  in  sufficient  strength.  A study  should 
be  made  of  the  probable  cost  of  various  radioactive  isotopes 
having  the  desired  properties.  It  has  already  been  suggested 
that  Strontium  90  should  be  available  from  nucl  ear  reactors 
in  quantity.  If  dt  appears  that'  desirabl  e isotopes  are  available 
economically  then  a study  of  methods  of  using  them  to  relieve 
static  electric  problems  would  be  in  order. 

In  view  of  the  bactericidal  properties  of  high  energy 
radiations,  the  feasibility  of  utilizing  this  effect  for 
sterilization  of  cotton  oroducts  has  been  considered.  For 
example,  the  cotton  bandage  developed  at  this  Laboratory  might 
be  exposed  to  high  energy  radiation  rather  than  to  heat  in  a 
sterilization  process.  One  hundred  percent  reduction  of 
viable,  spore-forming  bacteria,  containing  originally  an 
abundant  number  of  spores,  has  been  obtained  with  a dose  of  2.04 
x 106  r. 
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The  bacteria  were  irradiated  v/hil  e suspended  in  a sal  ine  and 
gelatine  solution.  Other  investigators  have  found  the  lethal 
dose  to  be  of  the  same  order  of  magnitude.  It  should  be 
bourne  in  mind  that  the  percent  kills  of  microorganisms  reported 
are  very  dependent  on  the  extent  of  sampling.  However,  resorted 
lethal  doses  are  usually  those  in  excess  of  doses  required  for 
99*9  and  99.99  percent  kill.  For  any  particular  strain  of 
organisms,  the  lethal  dose  is  a function  of  the  suspending 
medium,  the  surrounding  atmosphere,  and  the  density  of  ioniza- 
tion produced  by  the  radiation.  Since  the  degradation  of  cotton 
cellulose  begins  at  doses  of  approximately  10^  r. , further  study 
is  indicated  before  this  technique  of  sterilization  can  be 
accepted  as  completely  feasible. 
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